Introduction
Exposure of cells to ionizing radiation often leads to cellular damage, although low-dose radiation can potentiate metabolic or immune activities in irradiated cells (hormesis) or augment cell resistance to DNA damage caused by subsequent high-dose radiation or cytotoxic agents (adaptive response) [1] . Low-dose irradiation may cause different effects on cellular DNA, such as a relatively low probability of DNA damage, or stimulates adaptive processes to prevent and repair DNA damage or to remove damaged cells by inducing apoptosis, terminal cell differentiation or immune responses and thus to reduce genomic instability and ©VersitaSp.zo.o.
protein kinase (MAPK), RAF, stress-activated protein kinase (SAPK/JNK) [10] [11] [12] [13] , but differently in response to distinct doses of irradiation. Dose-dependent differences were observed in the amount of the mRNAs of the proto-oncogenes c-FOS, c-JUN, c-MYC and HA-RAS in transformed lymphoblastoid cells [14] . Previous studies have indicated that higher doses (>1 Gy) induce the expression of a tumor suppressor p53 gene with subsequent stimulation of the p21 (WAF1/CIP1) gene and induce phosphorylation of extracellular signal-related kinase (ERK) 1/2 and mitogen-activated protein/ERK kinase (MEK) 1 causing cell cycle arrest or apoptosis. In contrast, very low doses activate only ERK 1/2 and enhance cell proliferation via phosphorylation of ELK-1, which is involved in the induction of growth-related genes [7, 11] . In lymphoblastoid cells, up-regulation of WAF1, PCNA and BAX and down-regulation of BCL-2, DNA LIGASE-1 and early caspase ICH-1 mRNA expressions were positively and negatively regulated, respectively, in a dose-dependent manner [15] . Increased levels of phosphorylated ERK 1/2, phosphorylated AKT kinase (p-AKT), cyclin D1 and PCNA proteins were detected in the rat mammary gland after 5 Gy X-ray exposure [16] . Low-dose radiation-induced adaptive responses (reducing the amount of DNA damage and apoptosis) in rat glial cells involved PKC, DNA-dependent proteinkinase (DNA-PK), phosphatidylinositol 3-kinase (PI3K) and ATM, the product of the ATM gene mutated in ataxia-telangiectasia, which recognizes alteration in the chromatin structure [1, 17] . Low-dose radiation induces changes in global protein expression, protein tyrosine phosphorylation and a majority of genes associated with rapid onset apoptosis or cell cycle regulation [18] [19] [20] [21] .
Acute promyelocytic leukemia (APL) is characterized by a translocation t (15; 17) between the promyelocytic leukemia (PML) gene and the retinoic acid receptor alpha (RARa), generating a PML/RARa fusion protein which is crucial to blocking myeloid differentiation [22] . The human promyelocytic leukemia HL-60 cell line lacks the translocation t(15; 17) and tumor suppressor protein (p53) but responds to a variety of agents to differentiate toward several hematopoietic lineages [23, 24] . RA is known as a therapeutic agent for the treatment of acute promyelocytic leukemia (APL) [25] . RA treatment triggers terminal differentiation to neutrophil lineage and the subsequentl apoptosis of mature cells [26] . It is assumed that the exposure of cells to ionizing radiation modulates the cellular responses governing radiation-induced alterations of signal transduction pathways and gene expression.
In this study, we tested HL-60 cellular responses to single low-dose irradiation and to the secondary treatment with RA after pre-irradiation in order to find a suitable tool in radiobiological research with regard to differentiation, apoptosis and alterations in protein expression.
Experimental Procedures

Materials and reagents
All the chemicals used were of analytical grade and were purchased from Sigma Chemical Co. (St. Louis, MO, USA). For immunocytochemical analysis, monoclonal mouse antibodies (AB) against PCNA (PC10), CD15 (C3D-1), BCL-2 (124) and the secondary horseradish peroxidase-conjugated rabbit anti-mouse AB were purchased from DakoCytomation A/S (Glostrup, Denmark). Monoclonal mouse AB against c-MYC (9E10) was from Sigma (St. Louis, MO, USA). For Western blot analysis, monoclonal mouse antibodies against PCNA, BCL-2, PKCa and PKCb were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal anti-phosphotyrosine AB was purchased from Upstate Biotechnology (Lake Placid, NY, USA). Loading control, mouse monoclonal anti-GAPDH (6C5) was from Abcam (Cambridge, UK).
Cell culture and treatments
The human promyelocytic leukemia cell line HL-60 was obtained from the German Collection of Microorganisms and Cultures (GmbH, Bruaunschweig, Germany) with a population doubling time of about 25 h. The cells were used at passage numbers of less than 50 and were routinely passed at a density 0.5-1.0 x 10 6 cells/ml in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco, Grand Island, NY) in a humidified 5% CO 2 atmosphere at 37 o C. Cells were cultured by changing media with fresh media three times per week. For assays, cells were used during the exponential phase of growth. HL-60 cells were cultured in tissue culture flasks with 5 ml of medium at a starting density of 4 x 10 5 cells/ml or exposed to irradiation at room temperature using gamma-irradiation field ( 60 Co source, dose rate 0.05646 Gy/min, X-ray generator AGAT-S, Russia). Increasing doses were used: 1, 20, 50 and 100 cGy. After exposure to irradiation, cells were grown in fresh media continuously or were transferred to fresh media and exposed to 700 nM RA at 24 h after preirradiation for 6-7 days without changing of media.
Cell proliferation, differentiation and apoptosis
Control and low-dose irradiated cell suspensions were analyzed under a light microscope. Viable and dead cells were counted daily using 0.2% trypan blue exclusion in 100 μl samples in triplicate. Cell differentiation was assayed by the ability of cells to reduce NBT to insoluble blue-black formazan after stimulation with PMA [27] . 100 μl of cell suspension was mixed with an equal volume of 0.2% NBT in PBS, then PMA was added to 20 ng/ml, and the cell suspension was incubated at 37 o C for 30 min. Cells were determined to be NBT-positive by examination of a minimum of 400 cells microscopically, and data was presented as the percentage of NBTpositive cell number relative to viable cell number (100%). For the determination of apoptosis, 0.01% acridine orange/0.01% ethidium bromide (AO/EB) mixture (1:1, v/v) was used by adding 6 μl per 100 μl of cell suspension [28] . Apoptotic bodies containing cells were counted using a fluorescence microscope by scoring at least 300 cells. Apoptosis was expressed as the percentage of apoptotic cell number of the total cell number (100%).
Immunocytochemical analysis
Immunocytochemical analysis was performed on control and irradiated HL-60 cells for the expression of proliferating cell nuclear antigen (PCNA), granulocytic membrane marker CD15, anti-apoptotic BCL-2 and proto-oncogenic c-MYC. Briefly, cells were washed with PBS, and a drop of cell suspension on an albumin covered slide was dried. Cells were fixed in 4% paraformaldehyde in PBS, dehydrated in 70% ethanol and immersed in 3% H 2 O 2 with methanol for 10 min to remove the endogenous peroxidase activity. Then the slides were heated in 0.01 M citric buffer (pH 6.0) or 5% urea (pH 9.5) and incubated with 1% horse serum in PBS for 30 min. Cytological preparations were treated with the primary monoclonal mouse AB according to the manufacturer's instruction (DakoCytomation A/S, Glostrup, Denmark), then with the secondary horseradish peroxidase-conjugated rabbit anti-mouse AB (1:200 dilution) for 1 h at room temperature, and then with streptavidin-linked peroxidase (1:200 dilution) (DakoCytomation A/S, Glostrup, Denmark). The slides were developed by immersion in 0.05% diaminobenzidine with 0.03% H 2 O 2 , then counterstained with hematoxylin and analyzed under a light microscope. Antibody-positive cells were counted by scoring at least 1000 cells and data was presented as the percentage of the total cell number.
Isolation of cytosolic and nuclear proteins
Cells were harvested and washed twice in PBS containing 10 mM NaF and 1 mM Na 3 VO 4 . Cytosolic proteins and nuclei were isolated by using a Sigma NuEz kit (Sigma-Aldrich Co, St. Louis, MO, USA) according to the manufacturer's protocol. To analyze total nuclear proteins, nuclear pellet was resuspended in 5 volumes of solution I (10 mM Tris (pH 7.4), 5 mM MgCl 2 , 10 mM DTT) and 0.5 volumes of solution II (0.5% SDS, 10 mM DTT). Benzonase was subsequently added to give a final concentration of 2.5 U/ml, and afterwards was incubated for 2 h on ice. Following centrifugation at 15,000 g for 30 min, the supernatants were frozen at -76 o C or immediately subjected to electrophoresis. Protein concentrations were measured using commercial RCDC protein Assay (Bio Rad, Munich, Germany).
Gel Electrophoresis and Western blot analysis
Cytosolic and nuclear proteins were run on a 7-15% polyacrylamide gradient SDS-PAGE gel using Trisglycine buffer. After SDS/PAGE, proteins were transferred to a PVDF membrane (Immobilon P, Millipore, Bedford, MA) and then filters were blocked with 5% BSA dissolved in PBS containing 0.18% Tween-20 by incubation overnight at 4 o C. After washing in PBSTween-20, the filters were probed with AB against PCNA, BCL-2, PKCa, PKCb, GAPDH and phosphotyrosine 
Statistical analysis
Data are expressed as the representative result or as the mean of at least three independent experiments. Error bars represent ±SD. The Student's t test was used to perform statistical analysis and values of P≤0.05 (*) were stated as statistically significant.
Results
Dose-dependent effects of low-dose irradiation and pre-irradiation on the proliferation and survival of HL-60 cells
The cytotoxic effect of low-dose irradiation was determined during 6 days after HL-60 cells were irradiated with 1, 20, 50 and 100 cGy. As is shown in Figure 1A , irradiation induced a dose-dependent inhibition of cell proliferation which was apparent at 48 h and more pronounced after 4 days. The dose of 100 cGy produced strong anti-proliferative effect. When HL-60 cells were irradiated with 20-100 cGy and induced to differentiate by adding 700 nM RA at 24 h after irradiation, a decrease in viable cell number during 6 days of cultivation was observed in cell cultures pre-irradiated with 50 and 100 cGy ( Figure 1B ). The latter dose resulted in the strongest inhibition of cell proliferation. It is evident that low doses (below 100 cGy) did not kill very many cells, suggesting that most of cell damage was repairable. Cell death induced by irradiation was predominantly apoptotic as was detected by staining with AO/EB. This method provided for distinguishing between viable (green) or dead (red) apoptotic bodies containing cells from necrotic cells (red without apoptotic bodies). As is shown in Figure 2A , the proportion of apoptotic cells after irradiation with 1-100 cGy increased in a time-and a dose-dependent manner. Apoptotic cell death was significantly higher (*P<0.05) in cell cultures irradiated with 100 cGy. The addition of RA at 24 h after preirradiation showed similar but more pronounced effects on HL-60 cell apoptosis ( Figure 2B ). For instance, at day 4, the apoptotic cell percentage increased to 21, 28, 30 and 40% in cell cultures irradiated with 1, 20, 50, 100 cGy respectively, compared with a lower amount of apoptosis (16%) in the RA-treated control. At day 6, preirradiation with all doses provoked cell death with a high apoptosis level in RA-treated control cells as well, which may be due to the differentiation-related apoptotic death of mature granulocytes.
Low-dose irradiation induces granulocytic differentiation and enhances apoptosis in HL-60 cells
Typically, HL-60 cells undergo spontaneous differentiation with about 3-5% of mature cells in cell culture, and the addition of RA induces cell differentiation toward granulocytes [23] . In our study, the exposure of HL-60 cells to increasing doses (1-100 cGy) of irradiation induced a dose-dependent differentiation process. At day 4 after irradiation, the higher doses of 50 and 100 cGy caused the same proportion of approximately 25% of cells undergoing differentiation and apoptosis in the same culture ( Figure 3A) . Pre-irradiation with 1-50 cGy prior the induction of differentiation by RA produced a lower level of differentiation but a higher extent of apoptosis on day 4 relative to the control (RA) ( Figure 3B ). Both cell The data showed that 100 cGy was a rather toxic dose; therefore we have chosen the moderate radiation dose (50 cGy) to investigate the expression of granulocytic membrane marker CD15 and c-MYC as the prognostic markers of granulocytic differentiation. HL-60 cells were irradiated with 50 cGy or treated with 700 nM RA at 24 h after pre-irradiation with 50 cGy, and immunocytochemical analysis for CD15 and c-MYC was performed during 7 days after irradiation. It is evident from Figure 4A that the percentage of CD15-positive cells in control and the irradiated cell culture samples was low during the first 2 days but gradually increased after treatment with RA or the addition of RA following pre-irradiation. The maximal number of CD15-positive cells in both cultures (53 and 45%, respectively) was detected at day 5 in concert with the augmented levels of differentiation detected by NBT test (Figure 3) .
To investigate whether the induction of differentiation is associated with the c-MYC protein expression as a marker of terminal differentiation and growth arrest, HL-60 cells irradiated with 50 cGy with or without the addition of RA following pre-irradiation were subjected to immunocytochemical analysis. Figure 4B shows the time course of c-MYC expression. The control cell population contained 24% of c-MYC-positive cells with a peak accumulation of 42% at day 3, which decreased to 15% at day 7. Pre-irradiation of cells with 50 cGy always caused approximately a 2-fold decrease in c-MYC-positive cell percentage during the 7 days after irradiation as compared with the control. It is apparent that the differentiation process induced by RA or RA added following pre-irradiation was characterized by a low percentage of c-MYC-positive cells (about 13, 17 and 7% at days 1, 3 and 6, respectively). Pre-irradiation before RA-treatment caused a more pronounced, time-dependent and statistically significant (*P<0.05) reduction in the c-MYC expression paralleled by the onset of cell death (Figure 2) . Thus, pre-irradiated cells maintain the ability to respond to RA and the possibility to die by irradiation-induced and/or differentiationrelated apoptosis.
The changes in the expression of PCNA and
Bcl-2 in response to low-dose irradiation and pre-irradiation of HL-60 cells
Next, we examined the expression dynamics of PCNA, a central component of the pathways leading to replication and cell division, in response to irradiation using Western blot and immunocytochemical analysis to distinguish between proliferating cells and resting cells, the latter being unable to express the antigen. Using immunocytochemical analysis, a large proportion (67%) of PCNA-positive cells in the control cell culture was detected at day 3 with a decrease (to 20%) at day 7 ( Figure 4C ). Irradiation with 50 cGy of non-induced cells slightly affected the PCNA expression during the first 3 days. Following the induction of differentiation by RA added to control cells and after pre-irradiation, a significant decrease (*P<0.05) in PCNA-expressing cell amount was observed at the same time-points. The PCNA-positive cell numbers in the pre-irradiated cell cultures without and with RA were 37-30% at day 4 and 20-5% at day 7, respectively; the accelerated loss of PCNA expression after irradiation and treatment with RA paralleled the inhibition of HL-60 cell proliferation ( Figure 1 ). or at 24 h after pre-irradiation with 1-100 cGy. Cell differentiation (%) and apoptosis (%) was determined using NBT test and AO/EB staining, respectively on day 4. Data is expressed as means ±SD of three independent experiments. *P≤0.05, significantly different from control (A) or RA-treated (B) cell samples.
For Western blot analysis, cytosolic and nuclear proteins were isolated from control, exposed to RA, or RA-treated following irradiation with 50 cGy cell cultures. As it is shown in Figure 5A , cytosolic and nuclear levels of PCNA protein were maintained at similar levels during the 48 h after irradiation (50 cGy) with a slight decrease at 96 h. However, in pre-irradiated cells subsequently treated with RA, the expression level of cytosolic PCNA dropped during the 24 h after pre-irradiation but increased to the control level at 96 h, while in the nuclei a marked decrease was observed at the same timepoint ( Figure 5B ).
Cell death dynamics were monitored by the expression of the apoptosis-associated protein BCL-2 in Western blot and immunocytochemical analysis in irradiated and preirradiated cells with subsequent RA treatment. According to immunocytochemical analysis ( Figure 4D ), BCL-2-positive cell number was significantly less during 4 days of cultivation of irradiated cells as compared with the control. RA-treated pre-irradiated cell population contained low BCL-2+ cell amounts (8, 14 and 5% at days 1, 3 and 6, respectively). Moreover, in this cell culture treated by RA, the BCL-2+ cell number was always found to be 2-3 times less than in control and irradiated but non-induced cell populations. Figure 5A ). The same changes in cytosolic and nuclear Bcl-2 levels were noted in preirradiated cells following RA-treatment ( Figure 5B ). The dynamics of the decrease in the anti-apoptotic BCL-2 protein levels by the 50 cGy irradiation occured in parallel to the enhancement of apoptosis.
Alteration in the level of tyrosinephosphorylated proteins in response to low-dose irradiation and pre-irradiation of HL-60 cells
Ionizing radiation has been shown to modulate gene and protein expression as well as cellular signal transduction [19] [20] [21] . Next, we investigated the effect of low-dose irradiation on the tyrosine-phosphorylation of cytosolic and nuclear proteins. A time-course analysis showed the stimulation of protein tyrosine-phosphorylation in the cytoplasm and the nucleus of HL-60 cells irradiated with 50 cGy ( Figure 6A ). Irradiation induced changes in the level of phosphorylation of proteins (marked as solid lines in Figure 6 ). However, the global level of protein modification was more apparent in the cytosol fraction at 96 h after irradiation. In pre-irradiated cells subsequently treated with RA or with RA without irradiation, the level of cytosolic protein tyrosine-phosphorylation increased too with the onset of RA-induced differentiation ( Figure 6B ). Nuclear protein tyrosine-phosphorylation was more intensive at 48 h (commitment stage) and 96 h (maturation stage) after irradiation or pre-irradiation with RA treatment. These results indicate that low-dose irradiation may activate certain signal transduction pathways involved in radiation-triggered processes. 
Modulation of cytosolic and nuclear PKCa and PKCß levels in response to low-dose irradiation and pre-irradiation of HL-60 cells
Since low dose-irradiation can activate several signaling pathways starting at the plasma membrane, we have analyzed the expression of PKC isoforms that are involved in the regulation of cell growth and death. Figure 7 shows the time course of PKCa and PKCb protein levels in response to low-dose irradiation. The cytosolic expression levels of PKCa in HL-60 cells irradiated with 50 cGy drastically decreased at the first hour and at 24 h after irradiation, and then linearly increased reaching the control level at 96 h with no protein translocation to the nucleus ( Figure 7A ). Similar changes in PKCa protein cytosolic levels were observed in RA-treated cells after pre-irradiation, although higher peaks of PKCa accumulation were reached at 48 h (commitment stage) and 96 h (maturation stage). Moreover, a translocation of PKCa to the nucleus occurred starting at 24 h with an increased protein accumulation at 96 h ( Figure 7B ). The expression dynamics of cytosolic and nuclear PKCb in irradiated and pre-irradiated with RA treatment HL-60 cells exhibited a similar linear enhancement of protein accumulation during 96 h ( Figure 7) . A marked increase in PKCb expression was noted at 96 h when HL-60 cells responded to radiation showing more intensive differentiation and/or apoptosis. It can be concluded that HL-60 cells are activated by low-dose irradiation in the membrane causing activation of the PKC-trigerred signaling pathway.
Discussion
In the present study, we have attempted to correlate protein expression implicated in HL-60 cell responses to low-dose irradiation in terms of proliferation, differentiation and apoptosis. Here we demonstrated an inhibition of HL-60 cell proliferation and apoptosis occurring at 100 cGy of gamma-radiation and a diminished ability for the cells to respond to the differentiation inducer RA following a wider range of low-dose (1-100 cGy) irradiation. The cell culture, after pre-irradiation with 50 or 100 cGy, presumably consisted of differentiated (induced by RA) and apoptotic cells (induced by irradiation or died as mature granulocyte-like cells [29] ). It is possible that low-dose pre-irradiation causes the enhancement of apoptosis to remove radiosensitive cells. Cellular radiation responses include cell cycle arrest by controlling the cell cycle checkpoint in G1 and G2/M transition, DNA repair and apoptosis where a critical component is the tumor suppressor p53 [30] . p53 may control the cell decision to either repair DNA damage and resume proliferation or to undergo apoptosis at G1 [30] . However, irradiated cells also arrest at the G2 phase, and this checkpoint is independent of p53. Cells lacking p53 function exhibit greater genomic instability and decreased sensitivity to DNA-damaging agents [31, 32] . Since HL-60 cells are p53-deficient, apoptosis after irradiation can be induced by a p53-independent mechanism at the G2 checkpoint [31] . Those cells also exhibit a markedly longer G2 arrest for DNA damage repair in coordination with their higher radioresistance [33] . Our present work describes a dose-dependent effect of low-dose irradiation on apoptosis of HL-60 cells. We showed that very low doses (1-20 cGy) negligibly influenced apoptosis induction, while 50-100 cGy increased apoptotic cell death, which was enhanced following the exposure of pre-irradiated cells to a differentiation inducer, RA (Figure 2) . Granulocytic differentiation-leading apoptosis is mainly regulated by activation of retinoic acid X receptor and procaspases [34] without the involvement of the Fas pathway [35, 36] . As was reported, low-dose pre-irradiation induces death acceleration, which is associated with an increase in the activity of caspase 3, the disruption of the mitochondrial transmembrane potential, the p53 protein accumulation and the pro-apoptotic protein BAX activation in human leukemia MOLT-4 cells [5] . In p53-positive erythroleukemia and T-cell leukemia cells, radiation induces tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and death receptors (DR5 or DR4) [37, 38] . As was shown, in p53-negative HL-60 cells, only high doses (6-8 Gy) of ionizing radiation cause a significant enhancement of the DR5 receptor activity [39] .
PCNA is involved in a variety of cellular processes including cell cycle control, DNA replication, G1-S transition and nucleotide excision repair to remove UV-or chemical carcinogen-induced DNA damage [40] . In our study, PCNA expression was examined to discriminate between cycling and non-cycling cells, which are not able to express the antigen. As was reported, the expression level of PCNA protein is present in 70% of proliferating HL-60 cells and seen in the nucleus and the cytoplasm [41] . Our data from immunocytochemical analysis showed a temporary elevation in PCNA-positive cell number in control population and after irradiation at day 3 ( Figure 4C ) that may be explained by the activation of repair processes during the first days after irradiation. The subsequent decrease in PCNA expression after irradiation and RA-treatment may be due to the loss of the factor for their repair process, coordinated with the inhibition of cell proliferation, the induction of cell death and the appearance of differentiated cells [42, 43] . With the help of the Western blot technique we also demonstrated a temporary decrease in the PCNA expression at 3-4 days after irradiation and the redistribution of PCNA protein in cellular compartments with a marked decrease in the nucleus of pre-irradiated and RA-treated cells ( Figure 5) .
We have suggested that redistribution of the antiapoptotic BCL-2 protein might occur when leukemic cells are exposed to low-dose irradiation. As known, BCL-2 family proteins play an important role in regulating cell survival and apoptosis by involving both anti-apoptotic (BCL-2, BCL-X L , BAG1, MC11, A1) and pro-apoptotic (BAX, BAD, BAK, BID, BCL-X S ) family members [44] . The different expression levels and post-translational modifications of these proteins may determine cell sensitivity to apoptosis [44, 45] . The high expression level of BCL-2 protein in acute myeloid leukemia (AML) cells is associated with the advantage of survival [46] [47] [48] . Time-dependent down-regulation of BCL-2 protein is observed during the induction and maturation of HL-60 cell differentiation mediated by RA or during chemotherapy-induced apoptosis [47] [48] [49] [50] , while elevated expression of BCL-2 occurs in response to radiation [51] . In our study, we have examined the dynamics of the expression of BCL-2 protein known also as a prognostic indicator in AML [47] . Proliferating HL-60 cells have a normal or slightly increased expression of BCL-2 [52] . We demonstrated by immunostaining that a significant decrease in BCL-2-positive cell count occurs during the 4 days after irradiation with 50 cGy as compared with the control ( Figure 4D ). Moreover, BCL-2 expression level always remained significantly lower in RA-treated cells after pre-irradiation in association with radiation-induced cell death.
Blocking of apoptosis is essential for MYC to promote tumorigenesis and to serve as a hallmark of cancer [53] . Concomitant down-regulation of c-MYC and BCL-2 are important early events closely associated with cell growth arrest, terminal differentiation and apoptotic death in several cell types [54, 55] . In leukemia cells, c-MYC expression decreases within 12 h of RA stimulation and is further down-regulated during differentiation [56] . Consequently, early changes in c-MYC expression may affect cell cycle machinery by initiating cell accumulation in G0/G1 phases and growth arrest [54] . We observed time-dependent reduction in the level of c-MYC expressing cells after irradiation and more extensively after pre-irradiation with subsequent RA treatment ( Figure 4B ) in concert with the induction of differentiation and/or apoptosis. This is consistent with previously reported data that the response of cells to gamma-irradiation involves c-MYC which acts in synergy with radiation to induce the p53-independent apoptosis [57, 58] .
The response of leukemia cells to ionizing radiation has been shown to require the activation of tyrosine kinases [21, 59] causing the expression of radiationmodified genes. In the present study, we also found significant changes in the tyrosine-phosphorylated protein profile in HL-60 cells exposed to low-dose irradiation and treated with RA after pre-irradiation (Figure 6 ), suggesting the importance of their role in the molecular radiation response. Our previous data clearly demonstrated dramatic changes in the pattern of cytoplasmic tyrosine-phosphorylated proteins during the formation of the granulocytic phenotype in RA-induced HL-60 cells with the appearance of a new set of such proteins associated with apoptosis [60] or involved in the control of transcription and translation [60, 61] . The evident differences in the tyrosine-phosphorylated protein patterns (including ERK2) between non-irradiated and irradiated HL-60 cells induced to differentiate to monocytes were demonstrated by two-dimensional electrophoresis [21] . Thus, the identification of tyrosinephosphorylated proteins may be helpful in a better understanding of the molecular mechanisms involved in obtaining beneficial effects of low-dose irradiation.
Low-dose irradiation leads to the activation of serine/ threonine kinases, including PKC, that play a crucial role in cell growth regulation, differentiation and survival [62] . Three isozymes are broadly distributed across leukemia cells with a considerable variability in the level of expression [62] . Cytosolic PKCa and PKCb are commonly observed in AML cells, which express these two isoforms at almost equal levels. In our study, PKCa protein was found only in the cytosolic fraction. After irradiation with 50 cGy or pre-irradiation, the expression of cytosolic PKCa drastically decreased during 24 h but later linearly increased to the control level ( Figure 7) . In contrast, RA treatment after pre-irradiation caused PKCa translocation to the nucleus ( Figure 7B ). These results imply that changes in PKC levels may distinguish the signalling pathways involved in radiation-triggered cellular processes, such as cell differentiation or apoptosis. This is consistent with our previous study where we stated that decreased PKC activity is necessary for induction of granulocytic HL-60 cell differentiation and PKC activation is important for cell maturation [63] . Also, the involvement of PKCa in the protection against apoptosis by promoting anti-apoptotic BCL-2 activation and inactivation of the pro-apoptotic BAD through phosphorylation of both proteins was demonstrated [64] . PKCa can also activate other protein kinases, including RAF-1, resulting in increased cell survival when RAF-1 is associated with BCL-2 [65] . In differentiating HL-60 cells by vitamin D3, increased PKCa and PKCb levels were accompanied by inhibition of proliferation and induction of differentiation [66] . Our data showed timedependent increase in PKCb protein accumulation in the cytoplasm and the nucleus after irradiation and preirradiation with subsequent induction of granulocytic differentiation by RA (Figure 7) , suggesting a possible involvement of PKCb in differentiation and radiationinduced apoptotic process. As was shown, PKCb and ceramide are the two components of signal transduction involved in TNFa-induced apoptosis of HL-60 cells via activation of caspase 1 and/or 3 and inhibition of c-MYC and BCL-2 [67, 68] . Thus, the levels of PKC isoformes are correlated with long term functional consequences.
In conclusion, this study shows that low-dose irradiation exerts some beneficial effects on human promyelocytic leukemia HL-60 cells, inducing differentiation to granulocytes and enhancing apoptosis without the interference of RA-induced differentiation. Thus, the variations of cellular responses to single lowdose radiation or in combination with retinoic acid may be useful in developing of antileukemic strategies.
